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Available online 19 December 2015We investigated the spectral refractive indices (RIs) of volcanic ash materials in the wavenumber range of
700–1100 cm−1 using satellite infrared sounder measurements and radiative transfer calculations. The ash RIs of
10 ash clouds from eight volcanoes were evaluated (Bezymianny on 2 September 2012, Chaitén on 3 May 2008,
Kelut on 14 February 2014, Kirishimayama on 27 January 2011, Kliuchevskoi on 30 June 2007 and 18 October
2013, Puyehue–Cordon Caulle on 5 June 2011, Sangeang-Api on 31 May 2014, and Sheveluch on 28 October
2010 and 18 September 2012).We elaborated on adataset of volcanic ashmeasurementsmade by theAtmospheric
Infrared Sounder (AIRS) onboard the Aqua satellite. The measured brightness temperatures in the ash cloud data
revealed silicate absorption features at around 10 μm. By applying atmospheric proﬁles from results of a global
data assimilation system and using ash cloud properties (ash optical depth, effective radius, and ash cloud height)
as parameters for radiative transfer calculations, least squares analyses for the observed and calculated brightness
temperatures were conducted using AIRS channels in the wavenumber range of 700–1100 cm−1, except for the
O3 absorption channels in the range of 980–1070 cm−1. Using the RIs for typical volcanic rocks in the ascending
order of SiO2 content, basalt, andesite, and rhyolite, a mixture of basalt and rhyolite and a mixture of andesite
and rhyolite for the ashmaterialwere considered. The volume fraction of themixturewasused as a retrieval param-
eter and as the ash cloud parameter. Using the estimated ash cloud parameters as ﬁxed values, and under the
assumption that the RI from the estimated volume fraction had some accuracy in the wavenumber ranges of
850–980 cm−1 and 1070–1100 cm−1, the RI imaginary part of each eruptive ash cloud captured by AIRS was
then determined from iterative calculations at wavenumbers between 750 cm−1 and 980 cm−1. In the wavenum-
ber range of 850–980 cm−1, the observed brightness temperatures could be approximately simulated using the re-
ported RIs from Pollack, Toon, and Khare (1973) for andesite, basalt, and rhyolite, and their combinations.
Furthermore, some estimated RIs were consistent with the reported rock types of the volcanoes, which had been
previously classiﬁed by compositional analyses in the literature. Our analysis also identiﬁed weak absorptions
around 750–850 cm−1, which could not be reproduced by the reported RIs. These weak absorptions were likely
due to Si–O and/or Al–O vibrations, which have been proposed in reports from previous laboratory experiments
for some silicate glass samples. Our results suggest that the detailed RI of volcanic ash can be determined from
an analysis of satellite infrared sounder data. The RI of the ash material estimated from satellite infrared sounder
data can be used to improve the ash retrieval algorithms of other satellite measurements. Furthermore, an RI re-
trieved by sounder measurements may provide diagnostic information regarding volcanic activity from compari-
sons with the ash RIs from past eruptions.
© 2015 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).Keywords:
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Volcanic emissions impact the climate, cloudmicrophysical process-
es, and atmospheric chemical reactions, and transfer chemical species to
the surrounding environment (Kravitz & Robock, 2011; Thordarson &. This is an open access article underSelf, 2003; Robock, 2000; Rose et al., 1995). These emissions have the
potential to generate large economic losses, including the disruption
of aviation transport due to volcanic cloud hazards to jet aircraft
(Casadevall, 1994; Prata & Prata, 2012), in addition to impacting
human health (Durant, Bonadonna, & Horwell, 2010; Horwell &
Baxter, 2006; Stewart et al., 2006). The detection and quantiﬁcation of
volcanic ash from satellite measurements is important for real-time
monitoring of volcanic activity (Oppenheimer, 1998; Rose, Bluth, &the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Fig. 1. The RIs for selected igneous rocks (blue: rhyolite, red: andesite, black: basalt) by
Pollack et al. (1973) in the IR window region 700–1150 cm−1. The real n (Fig. 1a) and
imaginary k parts (Fig. 1b) of the complex RI (RI=n+ ik) are shown. For the rhyolite RI,
“obsidian from Little Glass Mountain, California” in Pollack et al. (1973) is plotted.
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lowing its incorporation into numerical models (e.g. Denlinger,
Pavolonis, & Sieglaff, 2012; Eckhardt, Prata, Seibert, Stebel, & Stohl,
2008; Francis, Cooke, & Saunders, 2012; Millington, Saunders, Francis,
& Webster, 2012; Spinetti et al., 2013).
Because volcanic silicates have an absorption band at a wavelength
around 10 μmdue to the stretching vibration of the Si–O bond, volcanic
ash clouds can be discriminated fromwater/ice clouds by differences in
themeasured brightness temperatures (BTs) between two infrared (IR)
window channels from the top of the atmosphere (e.g., Prata, 1989a,
1989b). The differences in BT between the 11 μm channel and 12 μm
channel (BT11 μm−BT12 μm) for volcanic ash clouds tend to benegative,
while water and ice clouds have neutral or positive values (e.g., Prata,
1989a, 1989b; Gangale, Prata, & Clarisse, 2010). The volcanic ash-
detection algorithms using the IR window channels of satellite imagers
basically utilize this feature of the measured differences in BT
(e.g., Tupper et al., 2004). Although a negative difference in BT indicates
the existence of silicate particles in themeasured satellite footprint, the
value of the difference depends on atmospheric temperature andwater
vapor proﬁles, the height of the ash clouds, and the light-scattering
properties of the ash particles. Therefore, a number of improvements
for the split window technique have been made in the volcanic ash re-
trieval algorithm (e.g., Prata, 1989a, 1989b; Wen & Rose, 1994; Prata &
Grant, 2001). In addition to the window channels, the CO2 channel at
wavelength ~13 μm and water vapor channels at wavelengths 7–8 μm
have been used to detect volcanic ash and for the quantiﬁcation algo-
rithms of multi-band geostationary satellite imagers, and the ash
cloud parameters (ash cloud height, particle effective radius, optical
depth) are estimated simultaneously (e.g., Pavolonis & Sieglaff (2010);
Pavolonis (2010); Prata & Prata, 2012). The mass loading of the ash
can be derived from the retrieved optical depth and the effective radius
(Prata & Grant, 2001; Prata & Prata, 2012; Wen & Rose, 1994). As a typ-
ical volcanic rockmaterial, a refractive index (RI) for andesite proposed
by Pollack et al. (1973) (see Fig. 1) has beenwidely used as an RI model
of ash clouds for calculations of light-scattering properties. Among sev-
eral sets of proposed RIs (Pollack et al., 1973; Roush, Pollack, &
Orenberg, 1991; Volz, 1973), it was reported that the andesite RI by
Pollack et al. (1973) gave the best simulations in the validation analysis
(Francis et al., 2012; Millington et al., 2012; Pavolonis, Heidinger, &
Sieglaff, 2013).
The composition of volcanic ash reﬂects that of the magma beneath
the volcano, and therefore it is correlated with the rock type of the vol-
cano. Elemental analyses have shown that the composition of eruptive
products can change progressively during several tens of years
(e.g., Turner, Izbekov, & Langmuir, 2013). Furthermore, the SiO2 content
of the eruptive products can change even within a short period of
emission activity (e.g., Miyaji, Kan'no, Kanamaru, & Mannen, 2011). If
the assumed RI for ash particles is inconsistentwith that of the observed
ash material, large errors can occur in the retrieved ash cloud
parameters. Sensitivity analysis of volcanic ash retrieval usingModerate
Resolution Imaging Spectroradiometer (MODIS) measurements
showed signiﬁcant differences (~20%) for the estimated effective radius
of the ash particles and for the total mass of the ash clouds when using
different RIs, for example, ‘volcanic dust’ tabulated by Volz (1973) and
‘andesite’ tabulated by Pollack et al. (1973); (Corradini et al., 2008). In
the spectral range of 700–1250 cm−1, a volcanic ash cloud shows a typ-
ical spectral signature in the Atmospheric Infrared Sounder (AIRS) data
(Gangale et al., 2010) and in the Infrared Atmospheric Sounding Inter-
ferometer (IASI) data (Clarisse et al., 2010b, 2013; Newman et al.,
2012). The signature consists of an absorption of the radiancemeasured
by the interferometers that can be reproduced by a radiative transfer
model. Radiative transfer analyses of the ash clouds from the Chaitén
volcano showed that the radiance simulations using the rhyolite
(obsidian) RI ﬁt the observed AIRS radiance better than those obtained
using the andesite RI (Clarisse et al., 2010a; Gangale et al., 2010), which
agreed with the results of a compositional analysis for the tephradeposit of the Chaitén volcano (e.g., Castro & Dingwell, 2009). Estima-
tions of rock type from the comparison between the measured and cal-
culated BTs for the IASI measurements using various reported RIs were
also examined (Clarisse et al., 2013; Newman et al., 2012).
In this work, the spectral RI of volcanic ash material was calculated
as an optical property frommeasurements by satellite infrared sounder.
In the IR wavelength around 10 μm, the absorption spectral feature of
the RI depends on the Si–O bond characteristics of the erupted silicate
material and therefore it is correlated with the mineral type and SiO2
content. The derived RI has the potential to provide information about
the magma component and the volcanic activity. The spectral behavior
of the RI was retrieved from AIRS data of ash clouds erupted from the
volcanoes listed in Table 1.
2. Detection of volcanic clouds by AIRS data
2.1. Data analysis
The general structure of the retrieval procedure and the organization
of the forward model of atmospheric radiance measured from AIRS are
shown in Figs. 2 and 3. AIRS is a hyperspectral IR sensor in operation
Table 1
Name of volcanoes and time/location of volcanic cloud data of AIRS measurements used for the RI estimations. Brightness temperature (BT) differences BT10.7−BT12.2 at the AIRS pixel
were also listed.
No. Name of volcano Country Date Time
(UTC)
Location of AIRS pixel (Lat., Lon.) BT10.7−BT12.2(K)
1 Kliuchevskoi Russia 30 Jun 2007 01:29 56.21N, 166.20E −3.49
2 Chaitén Chile 3 May 2008 18:41 48.01S, 62.77W −3.39
3 Sheveluch Russia 28 Oct 2010 01:29 55.62N, 163.95E −5.68
4 Kirishimayama Japan 27 Jan 2011 16:23 28.95N, 139.26E −6.92
5 Puyehue–Cordon Caulle Chile 5 Jun 2011 05:53 43.35S, 64.65W −3.73
6 Bezymianny Russia 2 Sep 2012 01:59 54.48N, 165.57E −4.01
7 Sheveluch Russia 18 Sep 2012 01:59 55.24N, 164.34E −8.13
8 Kliuchevskoi Russia 18 Oct 2013 15:11 54.79N, 163.03E −4.52
9 Kelut Indonesia 14 Feb 2014 06:23 9.66S, 106.94E −4.32
10 Sangeang-Api Indonesia 31 May 2014 05:23 9.08S, 121.63E −4.51
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and provides measurements of thermal IR spectra with 2378 channels
in thewavenumber region of 649–2665 cm−1. Calibrated Level 1B radi-
ance of cross-track scanning data ‘AIRIBRAD’ with a swath width of
1650 km and a pixel ﬁeld of view of 13.5 km (at nadir) (Chahine et al.,
2006) can be downloaded via theGoddard Earth Science Data and Infor-
mation Services Center (GES DISC) (from 2002 to the present, URL:
http://daac.gsfc.nasa.gov/). We produced results for 10 ash clouds
fromeight volcanoes (Table 1). Except for two eruptions in the southern
Andes (Chaitén and Puyehue–Cordón Caulle), time-sequential split-
window images from the Tokyo Volcanic Ash Advisory Center (VAAC)
taken by the Japanese Geostationary Meteorological Satellite (MTSAT)
were used to identify the area of volcanic ash distribution. For each
eruption, overlapping of water/ice clouds on the ash clouds at the
AIRS measurement time was also checked using the sequential MTSAT
images of IR radiance and split-window images. The AIRS radiance
dataset,which includes the ash cloudmeasurements for the speciﬁc vol-
canic eruption,was then downloaded. For the radiative transfer calcula-
tions of AIRS channels, ash cloud data over the oceanwere used, as there
were fewer unknowns for surface temperature and spectral infrared
emissivity compared to over the land surface. From the difference in
BT between two AIRS channels at 10.7 μm (937.9 cm−1) and 12.2 μm
(820.8 cm−1), pixel data with differences in BTs BT10.7−BT12.2b−
2 K were extracted. These two channels of AIRS were selected by refer-
ring to the MTSAT split-window channels and avoiding the channels of
narrow gas absorption lines. The value−2 K was determined becauseFig. 2.General structure of the retrieval procedure. Parameters (τν0,Pc,reff, f) are, the optical
depth at reference wavenumber ν0=980 cm−1, pressure height of the ash cloud, effec-
tive radius of ash particle, and volume fraction for the mixture, respectively. (nν,kν) are
real and imaginary part of the complex refractive index at wavenumber ν.the retrievals for RIs from the data of BT10.7−BT12.2≥ −2 K almost
failed in our preliminary calculations for some volcanic clouds. Fig. 4a
and b shows the volcanic cloud emitted by Kelut and captured by
MTSAT on 14 February 2014.
2.2. Radiative transfer model
For retrieval calculations of ash clouds, a forward model of radiative
transfer to simulate AIRS channel BTs was developed. Atmospheric
gases of the eight major components (N2, O2, CO2, CH4, N2O, CO, O3,
H2O) were considered for the calculations of atmospheric gas absorp-
tions. We used the atmospheric temperature proﬁles and water vapor
proﬁles from the results of the global assimilation analysis (GANAL) in
theNumericalWeather Prediction (NWP) system of the JapanMeteoro-
logical Agency (JMA). For the ozone proﬁle, the average proﬁle of the 80
diverse proﬁles dataset provided by the European Organisation for the
Exploitation of Meteorological Satellites (EUMETSAT) Numerical
Weather Prediction Satellite Application Facility (NWP-SAF) (http://
nwpsaf.eu/deliverables/rtm/proﬁle_datasets.html) was applied. Fixed
values of volume mixing ratios were assumed for the other gas
components. BTs were calculated for all 2378 channels of AIRS taking
into account the their spectral response function, and line-by-line
(LBL) calculations for channel transmittances were conducted for the
atmospheric proﬁles at the locations of ash clouds.We used our original
LBL code (Mano & Ishimoto, 2004) and applied the line database
HITRAN2012 (Rothman et al., 2013) and the same deﬁnitions/tables
for the calculations of monochromatic gas absorption as those in
LBLTRM v.12.2 (Clough, Shephard, Mlawer, Iacono, et al., 2005). A
model of angular dependence of sea surface emissivity by Masuda,
Takashima, and Takayama (1988) and surface temperatures from
GANAL were used to calculate thermal emission from the sea surface.
The geometry of the forward calculation is shown in Fig. 5. The ash
cloud was assumed to be a single layer with uniform temperature Tc
and the temperature at the cloud pressure height Pc was obtained
from the GANAL proﬁle. Top of atmosphere (TOA) radiance I of the
AIRSmeasurement at satellite zenith angle θ is simulated from the emis-
sion from cloud top I1, transmittance tg, and emission Rg by gas between
the cloud top and TOA.
I ¼ I1  tg þ Rg : ð1Þ
Multiple scattering by ash particles was taken into account for the
calculations I1 using a two-stream approximation formulated by Liou
(2002).
I1 ¼ I0e−τ þ 1−μ1b1−μb e
−bμτ−e−τ
 
K þ a 1þ μ1bð Þ
1þ μb 1−e
−τ bμþ1ð Þ
 
H
þ Bc 1−e−τð Þ ð2Þ
K ¼ 1
1−a2e−2bμτ
I↑0−ae
−bμτI↓0−Bc 1−ae
−bμτ
 h i
ð3Þ
Fig. 3.Organization of the forward calculations of atmospheric radiancemeasured by AIRS. (Csca,ν,Cext,ν,gν) are the size-averaged single scattering properties, the scattering and extinction
cross-sections and the asymmetry factor, at wavenumber ν. For other symbols, same as Fig. 2.
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1−a2e−2bμτ
I↓0−ae
−bμτI↑0−Bc 1−ae
−bμτ
 h i
ð4Þ
a ¼ γ2
γ1 þ b
; b ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
γ21−γ
2
2
q
;γ1 ¼
1
μ1
1−
Csca
2Cext
1þ gð Þ
 
;γ2
¼ Csca
2μ1Cext
1−gð Þ ð5Þ
μ1 ¼
1ﬃﬃﬃ
3
p ; μ ¼ cos θ; ð6Þ
where I0 and τ are the upward radiance at the bottom of the cloud and
the optical depth of the cloud along the line of sight, respectively, I0↑ and
I0
↓ are upward and downward intensities, and Bc is the Planck function
for the ash cloud temperature. (Csca,Cext,g) is the size-averaged single
scattering properties of ash particles, that is, the scattering and extinc-
tion cross-sections and the asymmetry factor. The values (I0, I0↑, I0↓,tg,Rg)
at ash cloud pressure height Pc were derived from the results of LBL
calculations and emissions from the sea surface.
The input parameters of the ash clouds in the radiative transfer
calculations are: pressure height of the ash cloud Pc, the optical depth
along the line of sight τν, and the size-averaged single scattering proper-
ties (Csca ,ν,Cext,ν,gν) at each wavenumber v. The values (Csca ,ν,Cext ,ν,gν)
depend on the particle size distribution, particle shape, and the complex
RI (RIν=nν+ ikν) of the particle. Ash particles have highly irregular
shapes (e.g., Gasteiger, Groß, Freudenthaler, & Wiegner, 2011; Johnson
et al., 2012; Nousiainen, Zubko, Lindqvist, Kahnert, & Tyynelä, 2012;
Sassen, Zhu,Webley, Dean, & Cobb, 2007) and the difference in their scat-
tering properties from those of spherical particles may cause a signiﬁcant
impact on the IR BTs and on the estimation of the ash cloud properties
(Kylling, Kehnert, Lindqvist, & Nousiainen, 2014). Because many light
scattering calculations were necessary for both particle sizes and wave-
lengths, the single scattering properties of the ash particleswere calculat-
ed by the Mie theory for a given RI, assuming a spherical shape as a ﬁrst-
order approximation. For the particle size distribution of the ash clouds, a
1-modal log-normal size distribution has been proposed from in situ
measurements (Farlow et al., 1981). We assumed a 1-modal log-
normal size distribution N(r) with an effective radius reff (e.g., Hansen &
Travis, 1974) following several previous works for ash cloud radiative
transfer calculations in the literature (Clarisse et al., 2010a; Corradini,
Merucci, & Prata, 2009; Francis et al., 2012; Prata, 1989b; Pavolonis,Feltz, Heidinger, & Gallina, 2006; Pavolonis et al., 2013; Wen & Rose,
1994).
N rð Þ ¼ 1ﬃﬃﬃﬃﬃﬃ
2π
p
r lnσg
exp −
lnr− lnrg
 2
2 lnσg
 2
" #
; ð7Þ
lnrg ¼ lnreff−
5
2
lnσg
 2
; ð8Þ
reff ¼
Z
rG rð ÞN rð ÞdrZ
G rð ÞN rð Þdr
; ð9Þ
whereG(r) is the geometrical cross-section of a particlewith radius r. As a
typical value for volcanic ash, a geometric standard deviation lnσg=0.74
was applied (Pavolonis et al., 2013;Wen&Rose, 1994). Thewavenumber
dependence of the optical depth τν can be calculated from the dataset of
the averaged extinction cross-section Cext,v by using the value at a refer-
ence wavenumber v0 as
τν ¼ Cext:νCext:ν0
 τν0 : ð10Þ
Then, the output BTs are calculated from the input parameters
(τν0,reff,Pc,RIν) in our forward model.
3. Retrieval methodology
3.1. Retrieval of ash cloud parameters
Here, we focus on the retrieval of the optical properties of volcanic
ash using the radiative transfer calculations described in Section 2, and
show the results of our analyses in the wavenumber region between
700 cm−1 and 1150 cm−1. To avoid bias errors in BTs in the forward
calculations, selected channels in this wavenumber region were used
for the retrieval calculations of volcanic ash parameters. We did not
use channels in thewavenumber range ν N 1100 cm−1 because volcanic
SO2 gas absorption (centered at 1152 cm−1) affects the BTs in this range
(Clarisse et al., 2008; Karagulian et al., 2010) and we did not consider
Fig. 4. Kelut ash cloudsmeasured by the geostationaryMTSAT-2 satellite at 5:55UTC on 14 February 2014. Panel (a) shows an image of an IR 11 μmband and panel (b) shows a split image
(11–12 μm). The arrows in both panels indicate the location of the Kelut volcano and the dashed line in panel (b) indicates the area of ash clouds.
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in theO3 absorption bandof 980–1070 cm−1were excluded to avoid er-
rors due to regional variation in O3 proﬁles.Fig. 5. Geometries of the forward calculations for the infrared TOA radiance. See text for
the description of the symbols.Prior to the detailed analysis of the ash RI, we estimated ash cloud
parameters (τν0,reff,Pc) and made a ﬁrst guess of the ash RI. If the spec-
tral dependence of the measured ash RI is approximately described by
a few parameters, the retrieval of the ash cloud parameters from the
BTs by satellite infrared sounder can be treated as an overdetermined
problem in which the number of measurement data points is greater
than the number of retrieval parameters. For such a problem, a least
squares method is available to obtain the approximate solutions. The
strategy of our analysis follows.
1) We assume that the RI of the measured ash particles can be
approximately simulated by a mixture of RI models in one part of the
wavenumber range. Using a volume fraction f for the mixture of RIs as
a retrieval parameter, we estimate (τν0, reff,Pc, f) from RT and a least
squares calculation.
2) Assuming that the estimated ash cloud parameters (τν0, reff,Pc)
and the real part of the RI (nv) are the ﬁxed values, the absorption
index kv for each wavenumber of the AIRS channel is estimated using
the results of RI in 1) as a ﬁrst guess.
3) The ﬁnal result for the spectral RI is derived from a smoothing of
the set of RIs from 2).
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are estimated again from a least squares calculation similar to that of 1).
The average RI (RIav=nav+ ikav) from a mixture of two RI models
was derived from the average complex dielectric function εav using
the relation ε=(RI)2, and the Bruggeman effective medium theory for
εav (e.g., Bohren & Huffman, 1983) was applied,
0 ¼ f ε1−εav
ε1 þ 2εav þ 1− fð Þ
ε2−εav
ε2 þ 2εav ; ð11Þ
where ε1 and ε2 are the complex dielectric functions for two compo-
nents of the RI models, and f is the volume fraction of the component
ε1. The εav in Eq. (11) was numerically solved by the Newton method:
εpþ1av ¼ εpav þ
f
ε1−ε
p
av
 
ε1 þ 2εpav
 þ 1− fð Þ ε2−εpav
 
ε2 þ 2εpav
 
f
3ε1
ε1 þ 2εpav
 2 þ 1− fð Þ 3ε2ε2 þ 2εpav 2
: ð12Þ
As the typical volcanic rocks, three sets of RIs for andesite, basalt, and
rhyolite proposed by Pollack et al. (1973)were used for the RImodels of
the mixture (obsidian from Little Glass Mountain, California, was used
for the rhyolite model). Hereafter, the RIs of andesite, basalt, and rhyo-
lite by Pollack et al. (1973) are referred to as PL73A, PL73B, and PL73R,
respectively. From a basic taxonomy of volcanic rocks, the SiO2 content
increases in the order of basalt, andesite, and rhyolite. According to
compositional analyses by Pollack et al. (1973), the SiO2 contents
(wt.%) were 53.25% (PL73B), 54.15% (PL73A), and 73.45% (PL73R),
and the difference between PL73B and PL73A was small. As shown in
Fig. 1, PL73A has an RI similar to PL73B in the infrared window region,
except in thewavenumber range 920–1000 cm−1 where the imaginary
part k of the RI was at its maximum (Fig. 1b). To create a better ﬁrst
guess of the ash RI, we used both PL73A and PL73B in our analysis
because of the difference in k at wavenumbers around 920 cm−1, and
we considered two different mixtures: one was a mixture of PL73A
(ε1) and PL73R (ε2), and the other was a mixture of PL73B (ε1) and
PL73R (ε2).
Look-up tables (LUTs) from the input (reff,f) to the output
(Csca ,ν,Cext ,ν,gν) were prepared for the mixtures PL73A–PL73R and
PL73B–PL73R (‘RI(1)’ in Figs. 2 and 3). For the grid size of the LUT, we
applied the values from 0 to 1 with a step of 0.1 for f, from 0.5 μm to
20 μm with a 0.25 μm step for reff, and from 640 cm−1 to 2670 cm−1
with a 10 cm−1 step for wavenumber. The outputs (Csca ,ν,Cext ,ν,gν) at
channel wavenumber vwere derived from linear interpolation. The for-
ward model F(x) for the state vector xwas deﬁned fromM channels of
BTs:
x ¼ τν0 ; reff ; Pc; f
 T
; F xð Þ ¼ BT1;BT2;⋯;BTMð ÞT : ð13Þ
For the arbitrary reference wavenumber v0, we selected v0 =
980 cm−1 from the wavenumbers of the retrieval channels. Examples
of the forward model F(x) in the wavenumber range 700–1150 cm−1
and the dependence on the cloud parameters x are shown in Fig. 6.
Atmospheric proﬁles at the location of the Kelut ash clouds on 14 Febru-
ary 2014 (Fig. 4, Table 1) were used. The RI of PL73Awas applied for the
plots shown in panels (a)–(c), and panel (d) shows the dependence on f
in the case of a mixture of PL73A and PL73R.
Using the observed BT vector y, retrieval calculations to minimize
the cost function J=[y−F(x)]T[y−F(x)] were conducted. A least
squares solution for x was derived from iterative calculations:
xiþ1 ¼ xi þ KTi Ki
 −1
KTi y−F xið Þ½ ; Ki ¼
∂F xið Þ
∂xi
; ð14Þ
where Jacobian K is calculated approximately from a change in F(x) for
a small perturbation of each x element. For the parameter f, weperformed the calculations of Eq. (14) for both the PL73A–PL73R and
PL73B–PL73R combinations, and f was determined for the smaller case
of the converged cost function J.
The main purpose of the calculations in this stage is to derive the
approximate values of (τν0,reff,Pc) before the detailed estimation for RI
(the absorption index k) in the next step. In our preliminary ash cloud
simulations, the results of Eq. (14) showed poor convergence for the
minimization of J and tended to be F(x) N y in the range
730–850 cm−1. We hypothesize that the positive bias of the simulated
BTs comes from the error in RI, especially for the absorption index k,
in our assumption of the mixtures of the RI models (PL73A, PL73B,
and PL73R). The inconsistency of the spectral RI has previously been re-
ported in a similar radiative transfer analysis for Chaitén ash clouds
measured byAIRS (Gangale et al., 2010) and for Puyehue–Cordon Caulle
ash clouds measured by IASI (Newman et al., 2012). For a better esti-
mate of the ash cloud parameters (τν0,reff,Pc), we excluded the channels
between 730 and 850 cm−1 in the ﬁrst stage of our retrieval calcula-
tions, as well as the channels in the O3 band 980–1070 cm−1 and the
channels in the SO2 band of N1100 cm−1. For the initial condition of
the state vector x, (τv0,reff,Pc, f) = (1.0, 3.0 μm, 500 hPa, 0.80) was used.
Fig. 7a is a plot of themeasured BTs y and calculated BTs F(x0) using
the retrieved ash cloud parameters x0 :(τv0, reff,Pc, f) = (0.51, 1.7 μm,
106 hPa, 0.36) from Eq. (14) for the case of the same Kelut ash clouds
in Fig. 4. We used the mixture of PL73B and PL73R in Fig. 7a because
of the smaller value of the converged cost function J. For comparison,
the same simulations, but for the case of a ﬁxed RI with the andesite
model (PL73A) and the retrieved values (τv0, reff,Pc) = (0.50, 1.0 μm,
89 hPa), are shown in Fig. 7b. When we assumed a mixing for the ash
RI and treated the fraction f as a variable, the BTs simulated using the re-
trieved cloud parameters were closer to the measured BTs than those
for a ﬁxed RI of PL73A. In particular, a component of the rhyolite
model (PL73R) improved the agreement with the calculated BTs at
v ~ 730 cm−1 as well as those from 900 cm−1 to 1100 cm−1. However,
a positive bias around 750–800 cm−1 was still present in the calculated
BTs. Thus, the use of a combination of the two RImodelswas insufﬁcient
to simulate the measured BTs between 700 and 1100 cm−1.
3.2. Estimation of the absorption index k
The detailed spectral RI of the ash material was estimated using the
observed BTs and ash cloud parameters x0=(τv0, reff,Pc, f)
T derived in
Section 3.1. We assumed that the cloud parameters (τv0, reff,Pc) were
ﬁxed values, and the RI derived from the mixing fraction f and the
average complex dielectric function εav was considered to be the initial
condition. For the complex RI (RIν=nν+ ikν) at the channel wavenum-
ber v, we assumed that the real part nv of RI was a ﬁxed value and the
absorption index kv was a retrieval parameter. Note that the treatment
for the RI is based on the assumption that the approximate value of nv
was determined from the derived f, and is an important limitation of
our methodology. Furthermore, this treatment is valid under the condi-
tion that the RI from the estimated volume fraction f has some accuracy
in the wavenumber ranges of 850–980 cm−1 and 1070–1100 cm−1 as
well as for the estimated cloud parameters (τv0, reff,Pc). From the size
averaged particle-scattering properties calculated by the Mie theory
(‘RI(2)’ in Figs. 2 and 3) and comparisons between the derived Fv(X)
and observed yv, we searched for the value kv that produced Fν(x)~yν
using a minimization algorithm. A value of kv was estimated for each
AIRS channel between 710 and 980 cm−1 and a spectral dataset of kv
(up to 740 channels in this wavenumber range depending on the chan-
nel quality-control [QC] ﬂag of the AIRSmeasurements) was originated.
However, at wavenumbers less than 750 cm−1, detailed estimation for
the absorption index became difﬁcult as the wavenumber decreased.
Because of strong CO2 absorptions in this wavenumber range, gas
absorptions above the height of the ash cloud and temperature proﬁle
in themiddle to upper troposphere at themeasurement location are im-
portant for the BTs, and the absorption index kv becomes relatively
Fig. 6.Numerical simulations of ash cloud BTs F(x) for the AIRS channels. Atmospheric proﬁles and sea surface temperature fromGANAL at the location of the Kelut ash clouds indicated in
Fig. 4 and Table 1were used. The dependence on ash optical depth at 980 cm−1 τν0 (a), cloud pressure height Pc (b), effective radius of particles reff (c), andmixing fraction f (d) are plotted.
The red lines in panels (a)–(d) are the results for the case of ash cloud parameters (τν0,reff,Pc, f)= (1.0, 2.0 μm, 200 hPa, 1.0) for convenience. Optical depths are the values along the line of
sight at a satellite zenith angle of 11.70°.
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between 750 and 980 cm−1 from a smoothing of the dataset of kv using
Fourier transformations. Fig. 8a shows the values of kv calculated using
this procedure for the Kelut ash clouds shown in Fig. 4. The green dots
are the iteratively estimated values for each channel and the solid
black line is the result of smoothing. Fig. 8b shows the calculated BTs
(red line) using the solid black line in Fig. 8a and (τv0,reff,Pc) = (0.51,
1.7 μm, 106 hPa). For the real part of the RI, the values derived from a
mixture with f= 0.36 between PL73B and PL73R were used.
Combining the estimated absorption indices kv of 750–980 cm−1
and those of other wavenumber ranges from the mixing fraction f, a
spectral RI model between 700 cm−1 and 1150 cm−1 was developed.
To avoid the gap at the transition wavenumbers, linearly interpolated
values for kv were applied at 700–750 cm−1 and at 980–1000 cm−1.
LUTs from the input (reff,RIν) to the output (Csca ,ν,Cext ,ν,gν) were origi-
nated (‘RI(3)’ of Figs. 2 and 3). The ﬁnal results of BTs were obtained
from a retrieval calculation similar to that of Eq. (14) for the ash cloud
parameters (τv0,reff,Pc).
4. Results and discussion
The estimation of kv described above in Section 3.2 succeeded only for
a limited number of measured ash cloud AIRS measurements. For ash
clouds at low altitudes and/or with a relatively large reff, the values of kv
were not sensitive to the simulated BTs, and an analysis under the as-
sumption of continuous values of kvwas difﬁcult because of the large dis-
persion for of the estimated values (e.g., green dots in Fig. 8a). Ash cloud
data with split difference in BTs BT10.7−BT12.2≥ −2 K were rejectedfrom our analyses. Even for the data with BT10.7−BT12.2b−2 K, the
estimation of kv was not always successful. As shown in Table 1, ash
cloud data with BT10.7−BT12.2b−3 K were available to estimate the
values of kv. Moreover, the analyses were difﬁcult if the BTs around
v ~ 1100 cm−1 were affected by a strong SO2 gas absorption because
the spectral dependence of BTs in this wavenumber range is important,
especially for the estimation of the particle size reff (see Fig. 6c).
The derived ash RI essentially explains the observed BTs of one set of
footprint pixel of data. If wewere able to obtainmultiple RIs for different
pixels of the same ash cloud, simulations of BTs (including
750–850 cm−1) for plural pixel data were conducted using each RI,
and the best RI model was determined from the results of the cost
function J. Maps of the differences in BT (BT10.7−BT12.2), measured/
calculated BTs, and RIs between 700 and 1150 cm−1 for each volcanic
ash cloud listed in Table 1 are plotted in Fig. 9. Fig. 10 shows themerged
results of the absorption index k for the ash cloudmaterial. The BT spec-
trums F(x) are those determined from the retrieval calculations using
the newly estimated RI models. The derived cloud parameters are also
listed in Table 2. It should be noted that the optical depth τν0 and the ef-
fective radius reff in Table 2may differ from the typical values for the ash
clouds of these volcanoes, becausewe selectedmeasurement datamade
in good conditions for our analysis (small values of BT10.7−BT12.2). The
retrieval results are discussed in the following subsections. A brief con-
sideration of the estimated absorption indices is made in relation to the
SiO2 content and rock type of the eruption products by referring to some
previous studies in the literature. As described in Section 3, direct esti-
mations for the absorption index kweremadewithin the limitedwave-
number range 750–980 cm−1 because of the CO2 absorption at
Fig. 7. Observed (red line) and simulated AIRS BTs in the wavenumber range of
700–1150 cm−1 for the Kelut ash clouds shown in Fig. 4. The location of the measured
AIRS pixel is given in Table 2. The blue line in panel (a) indicates the simulated BTs
using the retrieved ash cloud parameters (τν0,reff,Pc, f) = (0.51, 1.7 μm, 106 hPa, 0.36).
Panel (b) is the same as panel (a), but using the retrieved cloud parameters
(τν0,reff,Pc) = (0.50, 1.0 μm, 89 hPa), assuming a ﬁxed RI of the andesite model (PL73A).
Fig. 8. The absorption index (solid black line in panel [a]) determined for the volcanic ash
clouds of the Kelut eruption (Fig. 4) and the simulated BTs of AIRSmeasurements (red line
in panel [b]). The same ash cloud parameters used in Fig. 7a: (τν0,reff,Pc) = (0.51, 1.7 μm,
106 hPa) were used for the plot shown in panel (b). Initial conditions of kν were derived
from the value f as shown by the dashed black line in panel (a), and the calculated BTs
using the initial condition of kν are indicated by the blue line in panel (b) (same as the
blue line in Fig. 7a). An iterative estimation of kν was made for each channel at
wavenumbers within 710–980 cm−1 (green dots in panel [a]) and theﬁnalmodel of k be-
tween 750 and 980 cm−1 was determined by applying a smoothing procedure. The red
line in panel (b) represents the BTs calculated using the ﬁnal model of k.
172 H. Ishimoto et al. / Remote Sensing of Environment 174 (2016) 165–180v b 750 cm−1 and O3 absorption at 980–1070 cm−1. Values of k derived
from the estimatedmixing fraction fwere used for the region outside of
750–980 cm−1 and the interpolationswere adopted. Because the BTs in
the region of O3 absorption between 980 and 1070 cm−1 were not uti-
lized in our retrieval analysis, we applied a gray shade for theO3 absorp-
tion region in the ﬁgures of the RI to differentiate them from the range
of our retrieval analysis.4.1. Kelut (14 February 2014)
The ash cloud parameters for the Kelut ash cloud in Table 2 are
slightly different from those in Fig. 7a because we reanalyzed the pa-
rameters using the ﬁnal estimation of the RI. The estimated RIs for the
ash materials erupted from the Kelut volcano had features in-between
the basalt (PL73B) and rhyolite (PL73R)models. According to theGlobal
Volcanism Program (GVP) of the Smithsonian Institution (http://www.
volcano.si.edu/), the major rock types of Kelut were andesite/basaltic
andesite, and basalt/picro-basalt. In a previous study, Kelut was identi-
ﬁed as an andesitic volcano (Vandemeulebrouck et al., 2000). Ourresults showing an intermediate feature of the RI for Kelut ash may
not be consistent with these petrological classiﬁcations.
In the plot of BTs for Kelut ash clouds shown in Figs. 7 and 10, the
simulated BTs at 1120–1150 cm−1 were greater than the observed
BTs.We hypothesize that absorption by SO2 gas (centerwavenumber=
1152 cm−1) decreased the observed BTs. Although AIRS does not mea-
sure radiances in the wavenumber range of 1137–1216 cm−1, features
associatedwith SO2were also detected by comparing the calculated and
observed BTs for another absorption band around v ~ 1362 cm−1
(e.g., Clarisse et al., 2008; Karagulian et al., 2010). When the andesite
model (PL73A) was used for the ashmaterial, a large difference was ob-
served between the observed and measured BTs at 750–850 cm−1
(Fig. 7b), although the features of the measured BTs from 900 cm−1 to
1100 cm−1 could be approximately simulated by selecting the value
of reff. Moreover, the simulated BTs around v ~ 730 cm−1 in Fig. 7b
were signiﬁcantly greater than those of the observation. To ﬁt the BTs
at v ~ 730 cm−1, it was necessary to modify the values of optical
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the ash cloud parameters yielded inconsistent results for the simulated
BTs in the region of 850–980 cm−1. Thus, PL73Awas not appropriate for
simulating the whole BT spectrum of this measurement between 700
and 1100 cm−1.
A decrease in the BTs in the region v ≤ 850 cm−1 can be realized by
considering the contamination of water/ice clouds in the AIRS pixel.
Water clouds can be excluded because clouds in low-temperature re-
gions at high altitudes are necessary to decrease the BTs around
v ~ 730 cm−1. Contamination of ice clouds at high altitudes does not ex-
plain the observed features of the BTs because ice clouds also cause a
negative bias in the BTs between 1400 cm−1 and 1600 cm−1 (simula-
tion results not shown). Although the effects of ice/water cloud contam-
ination cannot be completely excluded, the water/ice cloud
contamination did not contribute to the simulation of the observed
BTs for the Kelut ash clouds (and also for all volcanic ash clouds listed
in Table 2). However, to validate the results of RI for the Kelut ash,Fig. 9. (a)Map of the BT differences BT10.7−BT12.2 from AIRS measurements, (b) the observed a
clouds listed in Table 1. The location of the volcano is shown by a red triangle in panel (a). The b
and the estimated RI is indicated by the red line in panel (c) as are the reference RImodels, and
ash cloud parameters (Table 2) and the RI results are indicated by the red line in panel (b).further investigations of the petrological similaritywith other volcanoes
and a compositional analysis of the recent eruption products of the
Kelut volcano are required.
4.2. Kirishimayama (27 January 2011) and Bezymianny (2 September
2012)
The RIs estimated for the ash clouds from the Kirishimayama volca-
no in Japan and from the Bezymianny volcano in Kamchatka, Russia,
were similar to that of the andesite model (PL73A). For the
Kirishimayama ash clouds, a concave wavenumber dependence in the
BT spectrum around v ~ 920 cm−1 was apparent (note that the conven-
tion of “concave/convex” is the opposite of that in Gangale et al., 2010,
where concave indicates that there is a local maximum in the curve
and convex indicates a local minimum). This concave feature was due
to the wavenumber dependence of the absorption index k in panel
(c) and agreed with that of the andesite model (PL73A), although thend simulated spectral BTs, and (c) the results of the estimated RI (n,k) for the volcanic ash
lack line in panel (b) is the observed BT spectrum at the pixel location denoted in Table 1,
esite (PL73A), basalt (PL73B), and rhyolite (PL73R). The BTs calculated using the estimated
Fig. 9 (continued).
174 H. Ishimoto et al. / Remote Sensing of Environment 174 (2016) 165–180strength of the feature depends largely on the radius, altitude, and opti-
cal depth of the ash cloud, as shown in Fig. 6. The absorption of ash ma-
terial in this wavenumber range is related to the bridging of oxygen
atoms in the Si–O bond structure (e.g., King, McMillan, & Moore, 2004).
King et al. (2004) reported that andesitic and basaltic glasses are rich in
non-bridging oxygen bonds and that the major absorption band due to
Si–O stretching shifts to lower wavenumbers. This leads to the formation
of an absorption shoulder between 860 and 970 cm−1. Rhyolitic glasses
are rich in bridging oxygen bonds, and the absorption at 860–970 cm−1
becomes small as the absorption band tends to form at higher
wavenumbers. The concave feature of the observed BTs v ~ 920 cm−1 is,
therefore, an important factor for determining whether or not the mea-
sured ashmaterial is PL73A like andesite. The results shown in Fig. 10 sug-
gest that the Kirishimayama ash clouds are composed of andesitic glass
material, which is as abundant in the non-bridging oxygen bond as that
of PL73A. TheGVP classiﬁes the Kirishimayama volcanic rocks into andes-
ite/basaltic andesite, basalt/picro-basalt, and dacite. A compositional anal-
ysis done by the Geological Survey of Japan (GSJ) showed that the
pumices erupted from Kirishimayama on 27 January were pyroxene-bearing andesite with SiO2 ~ 57 wt.% (https://www.gsj.jp/hazards/
volcano/kirishima2011/works-index.html). The chemical analysis of
pumice samples at the same eruption events by the Earthquake Research
Institute at the University of Tokyo showed that themagmas that erupted
from Kirishimayama during the same emission period were a mixture of
two magmas with different colors that had SiO2 ratios of ~57% and
~62% (http://www.eri.u-tokyo.ac.jp/PREV_HP/outreach/eqvolc/201101_
shinmoe/eng/). The results of these compositional analyses are consistent
with our results for the RI, with regard to andesitic material. In the wave-
number range of 850–980 cm−1, the estimated RI for the Kirishimayama
ash was similar to that of PL73A. However, the sample of PL73A was an-
desite with SiO2 ~ 54% and the reported percentage of SiO2 content for
the Kirishimayama samples was higher than PL73A. Although the RI in
the IR window region was strongly related to the Si–O vibration features
of the silicate glass, the relationship to the SiO2 content was not
deterministic.
For the BTs measured for the Bezymianny ash cloud on 2 September
2012, the concave feature observed for the Kirishimayama ash cloud ap-
peared slightly at v ~ 920 cm−1, and a similar RI to PL73Awas estimated.
Fig. 9 (continued).
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ash cloud parameters were different from those derived for the
Kirishimayama ash cloud. However, the RI for the Bezymianny ash
cloud was similar to that of the Kirishimayama ash cloud. According to
the GVP reports, the major rock types of Bezymianny are andesite,basaltic andesite, and dacite. The results of our analysis suggest a com-
monality between the Bezymianny and Kirishimayama ash with regard
to the RI in the IR region, as well as the petrologically determined rock
types. Previous sample analyses suggested that the eruptive products
of the Bezymianny volcano shifted progressively from silicic magma
Fig. 10.Merged plot of the absorption indices k for 10 volcanic ash clouds estimated in this
work. Gray shade between 980 and 1070 cm−1 indicates the region of O3 absorption.
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2010) (Turner et al., 2013). Our results, with a similar RI to the andesite
model (PL73A) and to the Kirishimayama ash results, seem reasonable.
In our results for Bezymianny and Kirishimayama ash, the absorp-
tion index kwas at a minimum at v ~ 820 cm−1, and a weak absorption
around v ~ 750 cm−1 was estimated. Although this weak absorption
was not seen in the RI models (PL73A, -B, -R) of Pollack et al. (1973),
similar weak absorptions around the same wavenumber range have
been conﬁrmed for silicate glasses from laboratory Fourier transform in-
frared spectroscopy (FTIR)measurements for reﬂectance and emissivity
(e.g., Christensen et al., 2000; Cox & Armstrong, 2002; King et al., 2004;
Ramsey, 2004). A kind of Si–O symmetric vibration stretching of the Si–
O–Si bridge and/or a vibration of the Al–O bond is considered to be the
reason for this weak absorption (Clark, 1999; Cox & Armstrong, 2002;
King et al., 2004; Kitamura, Pilon, & Jonasz, 2007). The analyses of the
satellite infrared sounder measurements have the potential to provide
such detailed optical properties of the atmospheric suspended mate-
rials, if the absorption feature estimated by our analyses is the same as
that derived from the laboratory experiments.
4.3. Chaitén (3 May 2008) and Puyehue–Cordón Caulle (5 June 2011)
The eruption of Chaitén volcano in Chile in May 2008 was a recent
major ryolitic eruption (e.g., Carn et al., 2009). The GVP reported aTable 2
Retrieval results for ash cloud parameters (optical depth at referencewavenumber ν0=980 cm
f. The ash cloud parameters shown here were estimated using the derived RI in Figs. 9–10. Clo
proﬁles. Letters in parentheses after f values indicate the end member of the mixing (a: PL73A
No. Name of volcano Retrieval results
Optical depth at
980 cm−1
Effective r
(μm)
1 Kliuchevskoi 0.51 1.6
2 Chaitén 1.92 1.1
3 Sheveluch 0.81 1.5
4 Kirishimayama 0.66 1.2
5 Puyehue–Cordon
Caulle
2.00 2.4
6 Bezymianny 1.08 2.2
7 Sheveluch 1.05 1.3
8 Kliuchevskoi 0.44 2.7
9 Kelut 0.52 1.8
10 Sangeang-Api 0.56 1.8low-silica rhyolite with an SiO2 content of 69–74% for Chaitén ash. In
an analysis of Chaitén ash by satellite infrared sounder, Gangale et al.
(2010) attempted a simulation of the BT spectrum measured by AIRS.
From the radiative transfer calculations, it was shown that the rhyolite
model of the RI (PL73R) explained the BT spectrum of the Chaitén ash
clouds better than the andesite model (PL73A). The AIRS data of the
Chaitén ash clouds analyzed here are the same data, or a neighboring
pixel, as that used in Gangale et al. (2010). In our analysis of the ash
cloud parameters, the mixing fraction f = 0.0 was derived (Table 2),
and the estimated absorption index k was also similar to that of PL73R
in the region 850–980 cm−1 in panel (c). The main difference between
the estimated k spectrum and that of PL73R is an absorption feature
around v ~ 780 cm−1 in our results. A requirement for absorption in
this wavenumber region has already been suggested by Gangale et al.
(2010), and a correction method for the optical depth has been devel-
oped for the algorithm of ash cloud detection and quantiﬁcation from
AIRS/IASI measurements (Clarisse et al., 2010a; Corradini, Merucci,
Prata, & Piscini, 2010; Gangale et al., 2010; Prata, Gangale, Clarisse, &
Karagulian, 2010). The estimated values of k at 750–800 cm−1 for the
Chaitén ash were greater than those estimated for the Kirishimayama
and Bezymianny ash clouds. Moreover, the absorption peakwas located
at v ~ 780 cm−1 for the Chaitén ash, a slightly higher wavenumber than
for Kirishimayama and Bezymianny ash (v ~ 750 cm−1). When these
absorption properties at 750–800 cm−1 are common features, the BT
spectrum for rhyolitic ash tends to showa convex feature in thewindow
region 750–980 cm−1, while for andesitic/basaltic ash there tends to be
a monotonous decrease in BTs as the wavenumber increases from
800 cm−1 to 980 cm−1. This agrees with the empirical assumption in
the correction method of Gangale et al. (2010). In previous studies
that used infrared sounder data for volcanic ash clouds, the difference
in the absorption properties at 750–800 cm−1 between andesite/basalt
and rhyolite were also discussed (Clarisse et al., 2013; Newman et al.,
2012). A similar peak shift of the absorption fromandesite/basalt to rhy-
olite is seen in the laboratory-measured reﬂectance IR spectrum for sil-
icate glasses (Fig. 12 of King et al., 2004).
Ash clouds from the Cordón Caulle volcano (Puyehue–Cordón
Caulle) in Chile, on 5 June 2011 had the same rhyolitic features as the
Chaitén ash clouds. The rhyolite-like spectral feature of Cordón Caulle
ash clouds has previously been reported (Clarisse et al., 2013;
Newman et al., 2012). The peak BT was at v ~ 850 cm−1, and a convex
feature of the spectrum between 750 cm−1 and 980 cm−1 with no an-
desitic feature around v ~ 930 cm−1 was observed. The mixing fraction
f=0.0was derived from the ash cloud retrievals, and low values of k (as
for PL73R) were estimated at 900–980 cm−1. A similar absorption fea-
ture as that estimated for Chaitén ash was derived in the region of
750–850 cm−1. The chemical composition of theCordón Caulle Volcanic
Complex (CCVC) was mainly rhyodacitic to rhyolitic (68–71% SiO2),−1, particle effective radius, cloud pressure height, cloud temperature) andmixing fraction
ud temperatures were calculated from the cloud pressure height and GANAL temperature
, b: PL73B, r: PL73R, b–r: mixture of PL73B and PL73R).
adius Cloud pressure
height (hPa)
Cloud temp.
(K)
Mixing
fraction f
460 249 1.00 (b)
585 267 0.00 (r)
211 226 0.48 (b–r)
506 258 1.00 (a)
286 219 0.00 (r)
586 262 1.00 (a)
110 222 0.41 (b–r)
156 224 1.00 (a)
101 193 0.36 (b–r)
333 247 1.00 (b)
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(Lara, Natanjo, & Moreno, 2004; Lara, Moreno, Naranjo, Matthews, &
Pérez de Arce, 2006). Among the volcanic products from the eruption
in 2011, homogeneous rhyolite, with a SiO2 content of 69–70% was re-
ported from an analysis of pumice samples (Castro et al., 2013;
Schipper, Castro, Tuffen, James, & How, 2013). These compositional
and petrological results indicate that the ash material observed by
AIRS was also rhyolitic, and our results of the rhyolitic RI in panel
(c) agree with the sample analyses. From the estimations of RI for the
ash clouds from the two rhyolitic volcanos, Chaitén and Puyehue–Cor-
dón Caulle, we concluded that the analysis of ash cloud data measured
by satellite infrared sounder can provide information that discriminates
between rhyolitic and andesitic/basaltic material in the ash.
4.4. Kliuchevskoi (30 June 2007, 18 October 2013) and Sangeang-Api
(31 May 2014)
The Kliuchevskoi volcano is located in the central part of the
Kliuchevskaya group of volcanos (KGV) in the Central Kamchatka De-
pression (CKD). Volcanic activity and the composition of the magma
products of Kliuchevskoi have been studied in relation to those of the
Bezymianny volcano (e.g., Almeev, Kimura, Ariskin, & Ozerov, 2013;
Churikova, Gordeychik, Ivanov, &Wörner, 2013). The eruption products
from the Kliuchevskoi volcano have features of basaltic andesitewith an
SiO2 content of 52–55% (Almeev et al., 2013; Churikova et al., 2013;
Karátson, Favalli, Tarquini, Fornaciai, & Wörner, 2010). In this study,
we analyzed the Kliuchevskoi ash clouds observed by AIRS on 30 June
2007 and 18 October 2013. For the ash clouds in 2007, a basalt model
of the RI (PL73B), with a less concave feature around v ~ 920 cm−1
was better able to simulate the observed BT spectrum than the andesite
model (PL73A). If we assume that PL73A and PL73B are typical RIs for
andesite and basalt, the Kliuchevskoi ash from the eruption in 2007 is
likely to be more basaltic than the Bezymianny ash from the eruption
in 2012. However, for the Kliuchevskoi ash clouds in 2013, PL73A was
selected as the ﬁrst guess of the RI. The results of the estimation for k
also had a similar spectral dependence to PL73A, except for the absorp-
tion around v ~ 750 cm−1, and the measured BT spectrum resembled
that of the Bezymianny ash clouds in 2012. These results indicate that
the erupted ashmaterial from the Kliuchevskoi volcano in 2013was an-
desitic, as was the Bezymianny ash in 2012. As shown in Fig. 1, the dif-
ference in the RI between PL73A and PL73B was generally small. It was
difﬁcult to distinguish between andesite and basalt using only the BT
spectrum information in the IR region. Further investigations of the fea-
tures of andesite and basalt in the IR region are required, particularly for
the relation between Si–O bonding and the absorption around
v ~ 920 cm−1.
Themodel PL73Bwas selected for the ﬁrst guess of the RI for the ash
clouds from Sangeang-Api volcano, Indonesia, measured on 31 May
2014. For the absorption index k, compared to PL73B, a less absorbing
feature at v ~ 950 cm−1 was derived. Similar features were also derived
from the RI analyses for other footprint pixel data of the Sangeang-Api
ash cloud. Although it is unclear, a similar trend for k around
v ~ 950 cm−1 is seen in the results of the Kliuchevskoi ash cloud in
2007. For the absorption between 750 and 820 cm−1, similar features
as those of Kliuchevskoi ash in 2013 and Bezymianny ash in 2012
were obtained. From the reports before the 2014 eruption, the eruption
products of Sangeang-Api were known to be composed of potassic,
volatile-enriched, silica-undersaturated lava, which ranged from potas-
sic trachybasalt to trachyandesite, with a SiO2 content of 47–55%
(Elburg, Foden, van Bergen, & Zulkarmain, 2005; Turner et al., 2003;
Zellmer et al., 2005). The BT spectrum and the estimated absorption
index for Sangeang-Api ash clouds on 31 May 2014 agreed with the re-
sults of the compositional analyses for the eruption products before
2014. It can be interpreted that ash material with a similar composition
to that of past volcanic products erupted from the Sangeang-Api volca-
no in 2014.4.5. Sheveluch (28 October 2010, 18 September 2012)
The estimated RIs for the ash materials that erupted from the
Sheveluch volcano, Kamchatka, Russia on 28 October 2010 and on 18
September 2013 had features in-between the basalt (PL73B) and rhyo-
lite (PL73R) models. Unlike the Kirishimayama and Bezymianny ash
clouds, the BTs for the Sheveluch ash clouds had a peak at
v ~ 850 cm−1, and the concave feature of the andesite model (PL73A)
at 920–930 cm−1 was not conﬁrmed. Moreover, distinct absorptions
around 750–800 cm−1 were seen in both the observed BTs and the de-
rived k values. The peaks of this absorption for the Sheveluch ash clouds
were located at wavenumber v ~ 800 cm−1 as seen in the ash from
Chaitén and Puyehue–Cordón Caulle. For the Sheveluch ash, the esti-
mated RI for the ash cloud on 28 October 2010 was similar to that on
18 September 2012. This suggests that ashmaterials with a similar com-
position were erupted.
For the Sheveluch ash clouds, relatively large differences between
the simulated and observed BTs were calculated at wavenumbers
v N 980 cm−1, in particular, in the O3 absorption band
980–1070 cm−1. For calculations of the average scattering properties,
we assumed a simple mixing between two RI models (PL73B and
PL73R) using the effective medium theory (see Section 3). A plausible
RI model, with an absorption peak around v ~ 1020 cm−1 could not be
produced by this mixing, and the small values derived for k around
980–1070 cm−1 caused an inconsistency in the simulated BTs in this
wavenumber range. The typical rockof the Sheveluch volcano ismagne-
sian andesite, and SiO2 contents of 57.3–63.8% have been reported
(Gorbach, Portnyagin, & Tembrel, 2013). The estimated RI between
850 cm−1 and 980 cm−1 for the Sheveluch ash can be explained by
the relatively high SiO2 values in the eruption products from the
Sheveluch volcano.
5. Conclusion
BT spectrums of the volcanic ash clouds in the IR window region
measured by a satellite infrared sounder has been simulated in detail
from the radiative transfer calculations by taking into account the
appropriate atmospheric proﬁles, sea surface temperature/emissivity,
atmospheric gas absorptions, and ash-scattering properties. From the
spectral BT information obtained by AIRSmeasurements, wemade esti-
mations of the ash RI aswell as the ash cloud parameters (optical depth,
particles effective radius, and ash cloud pressure heights). The attempt
to retrieve RIs underlies these main assumptions: (1) the existing RIs
proposed by Pollack et al. (1973) and their mixtures are correct in one
part of the spectrum and (2) the accuracy of the retrieved ash cloud
parameters, that is, optical depth, cloud height, and effective radius
(and assumed lognormal width), also independently affect the
retrieved RI.
The rock types associated with the estimated RIs for some of the an-
alyzed ash clouds were in accordance with the petrological and compo-
sitional information of the eruption products for the volcanoes
considered in this work. However, the measured BTs of the ash clouds
that erupted from the andesitic volcano could not always be explained
by the andesite model of the RI as shown in the cases of Kelut (14 Feb.
2014) and Sheveluch (28 Oct. 2010, 18 Sep. 2012).
The widely used RIs (andesite, basalt, and rhyolite) proposed by
Pollack et al. (1973) could not successfully explain theBTsmeasuredbe-
tween750 cm−1 and850 cm−1, and additional absorptionswere neces-
sary for most ash clouds in our analysis. We quantiﬁed the absorption
around 750–850 cm−1 from a retrieval of the absorption index k. In lab-
oratory experiments using rock samples, depressions in the emissivity
associated with weak absorptions commonly appear in this wavenum-
ber range for quartz (Clark, 1999; Pollack et al., 1973) and some silicate
glasses (Kitamura et al., 2007), especially feldspars such as albite and
anorthite (Christensen et al., 2000; Clark, 1999). However, the relation-
ship between the absorption features (strengths and peak positions)
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well. For the estimated absorption index k, further investigations are re-
quired because contamination of water/ice clouds and volcanic mate-
rials other than ash components may inﬂuence the observed BTs. Ash
clouds with basaltic/andesitic features in their k values between
850 cm−1 and 980 cm−1 tended to have a weak absorption around
~750 cm−1, while ash clouds with a rhyolitic RI tended to have distinct
absorptions around ~780 cm−1. Further studies of volcanic ash clouds
measured by satellite infrared sounder are needed to determine the rea-
son for the absorption features in this wavenumber range.
In the wavenumber range of 850–980 cm−1, the observed BT spec-
trum for the ash clouds could be approximately simulated using the RI
models proposed by Pollack et al. (1973) (PL73A, PL73B, and PL73R)
and their combinations. For the ash clouds of some volcanoes
(Kirishimayama on 27 January 2011, Bezymianny on 2 September
2012, and Kliuchevskoi on 18 October 2013), concave features in the
BTsmeasured around v ~ 920 cm−1were conﬁrmed. These concave fea-
tures in the BTs could be simulated by the absorption index k, whichhad
a similar wavenumber dependence to that of the andesite model
(PL73A). In contrast, the ash clouds of Kliuchevskoi on 30 January
2007 and Sangeang-Api on 31 May 2014 had no concave feature in
the BTs and the estimated k was similar to that of the basalt model
(PL73B). Although the relationship between the feature of the BTs
around v ~ 920 cm−1 and the type of rock is unclear, the BT features
can potentially allow adiagnosis of the rock type from themeasurement
of ash clouds.
In this study, we assumed a mixture of the RIs, with a fraction f be-
tween the andesite/basalt model (PL73A/PL73B) and the rhyolite
model (PL73R), for the initial guess of the RI that was applied to various
volcanic materials. The retrievals for the ash cloud parameters were
conducted by adding f as an unknown parameter. From the results of
the retrievals, we could estimate without any in situ petrological infor-
mation for the eruption products that both the Chaitén and Puyehue–
Cordón Caulle ash clouds were likely composed of rhyolitic materials.
However, the assumption of RI mixing could lead to an inconsistency
of the estimated strength and peak of the absorption between
980 cm−1 and 1100 cm−1 for the intermediate ash materials between
andesite (basalt) and rhyolite. The direct estimation of k could not be
conducted in the wavenumber range of 980–1070 cm−1 because of O3
absorption. If we estimate the O3 proﬁle in the footprint of the ash
clouds, the estimation of k can be extended to the region of the O3
band by incorporating a suitable O3 absorption in the radiative transfer
calculations. The results of O3 retrievals by the infrared sounder for a
clear scene near the ash clouds could be useful for ash analysis if the
local variability of O3 distribution is negligible.
In many of the volcanic ash measurements by satellite infrared
sounders, absorption features due to SO2 gas were detected in the ob-
served BT spectrum. To avoid the inﬂuence of SO2 absorption, we did
not use themeasurement data for channels v N 1100 cm−1 in our volca-
nic ash analyses. As with the O3 absorption issue, we can use satellite
sounder data of ash clouds for wavenumbers higher than 1100 cm−1
if we can simulate the SO2 absorption in this range. Spectral analysis
for the measured BTs in the range 980–1200 cm−1 gives better esti-
mates for the particle effective radius and leads to improvements in
the accuracy of RI retrievals. Methods to characterize the SO2 emissions
using IASI data (e.g., Clarisse et al., 2008, 2010b; Carboni, Grainger,
Walker, Dudhia, & Siddans, 2012; Clerbaux et al., 2009) are instructive.
Studies of the RI for volcanic ash in the IR region from satellite mea-
surements have been advanced by improvements in the methods of
analyses and by increases in the amount of measurement data. The re-
trieved ash cloud parameters, such as optical depth, cloud heights, and
effective radius, are important factors for the detection and quantiﬁca-
tion of the ash clouds by satellite remote sensing. The estimation of
these parameters depends on the measurement conditions, such as
time, location, and size of the footprint. Therefore, the ash cloud param-
eters estimated for one footprint measurement were different fromthose estimated for another footprint, even if the ash clouds originated
from the same emission event. Furthermore, because of the differences
in measurement pixel size, the ash cloud parameters derived from IR
sounder measurements may be different from those estimated by
multi-band high-resolution imagers. However, we can assume that
the optical constants of the ash material are the same if the ash clouds
originated from the same volcanic eruption. Therefore, the spectral RI
estimated from the analyses of data from a satellite infrared sounder
can beused to analyze other satellitemeasurements. In particular, infor-
mation for the detailed RI in the infrared region contribute to ash cloud
quantiﬁcation and monitoring from measurements by next-generation
geostationary satellites, such as the Japanese HIMAWARI-8 (e.g.
Pavolonis, Sieglaff, & Cintineo, 2015a, 2015b). If the components of the
eruption products for the volcano are approximately constant for a
long period of time, the RI model estimated for past eruption events
can be used as a reasonable approximation in the analyses of future
eruption events. The use of appropriate optical constants improves the
estimation of the ash cloud characteristics. Moreover, it is possible to
discuss the time evolution of components of the eruption products
fromchanges in theRI estimated from IR soundermeasurements. An ac-
cumulation of ash cloud data for the same volcano under different mea-
surement conditions is also useful for the evaluation of error sources
(atmospheric proﬁles, sea surface temperature, instrument measure-
ment error, water/ice cloud contamination) in the estimation of optical
constants. In this study, we showed that the RI for the Sheveluch ash
cloud on 18 September 2012 was similar to that of the ash cloud on
28 October 2010. There were also similar andesitic RIs proposed for
the ash from Kirishimayama (27 January 2011), Bezymianny (2 Sep-
tember 2012), and Kliuchevskoi (18 October 2013). This information
can be used to categorize the derived RIs into several patterns. The BT
spectrums of ash clouds from various volcanic rock types can be ex-
plained by several RI models. Analyses of the infrared sounder data
and further investigations between the ash RI and ashmaterials, in rela-
tion to Si–O and Al–O bonding and crystallizations, will provide infor-
mation about the magma composition and its evolution, as well as
enabling improvements in the performance of volcanic ash cloud
retrievals.
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